In part I of this study it was shown that, to model synthetic fiber ropes, two scale transition models can be used in sequence. The first model (continuum model) has been presented in the part I and the present paper examines the behavior of a fibrous structure consisting of 6 helicoidal strands around a central core (1 + 6 structure). An analytical model will be presented which enables the global elastic behavior of such a cable under tension-torsion loading to be predicted. In this model, first, the core and the strands are described as Kirchhoff-Love beams and then the traction-torsion coupling behavior is taken into account for both of them. By modeling the contact conditions between the strands and the core, with certain assumptions, it is possible to describe the behavior of the cable section as a function of the degrees of freedom of the core. The behavior of the cable can thus be deduced from the tension-torsion coupling behavior of its constituents. Tensile tests have been performed on the core, the strands and then on a full scale 205 ton failure load cable. Finally, predicted stiffness from the analytical models is compared to the test results.
Introduction
As presented in the part I (Ghoreishi et al., submitted to International Journal of Solids and Structures) of this work, large synthetic fiber ropes are characterized by a very complex architecture, and a hierarchical structure in which the base components (fiber or yarn) are transformed by a twisting operation. The resulting structure is then a base component for the next higher structure. Its hierarchical structure leads to the hierarchical approach where the top is the fiber rope and the bottom is the base components, with several different types of elements between the base component and the fiber rope. As indicated in part I of this work the fiber rope consists of two different types of structure: multilayered and 1+6 structures. It has been also shown that to go from fiber to rope, two scale transition models are necessary that are used in sequence. An analytical closed-form formulation (continuum model) of a multilayered structure has been developed in part I. The objective of the present paper is the modeling of the static behavior of a 1+6 fibrous structure subjected to axial loads, using the mechanical behavior of the core and strands, and the geometric description of the structure.
In section 2, the global behavior of the cable will be described and then, in section 3, an overview of the existing models for such structures will be given. In section 4, an extension of Labrosse's model to predict global response of a 1+6 fibrous rope structure, is developed. The analytical models are compared in section 5. Tensile tests, on two different fiber ropes, have been performed and provide the experimental data that are described in section 6. In section 7, results of analytical models are compared to experimental data.
Cable global behavior
Let us consider a 1+6 fiber rope made of six helical strands (wires) wrapped around a straight core as illustrated in figure 1. Due to the hierarchical structure of large synthetic fiber ropes, the core and strands are not homogeneous, and are themselves formed from constitutive elements, see Part I. However, at the rope level, the strands and core may be considered as homogeneous, provided that their behavior takes into account their components (constitutive element). It is in this sense that, in this work, we use the wire for the strand.
The axial behavior of such a structure exhibits coupling between tension and torsion due to the helical design of the wires. Thus, the overall behavior can be expressed as:
Earlier models
This work is concentrated on 1+6 structures in which, in contrast to multilayered structures, the bending moments and torque in individual components should be considered.
Several analytical models are available to predict the mechanical behavior of 1+6 metallic structures subjected to axial loads, based on a knowledge of the component material behavior and geometry of the structure. The first approaches only incorporate effects associated with tension, the bending and torsion stiffness of the wires being neglected. Such analyses have been performed by Hruska (1951; 1952; 1953) and by Knapp (1975) for a rigid core. More recent and complex analytical models are based on beam theory assumptions: the behavior of wires is described using Love's curved beam equations. Following this approach, Machida and Durelli (1973) have studied the effects of the bending and torsion stiffness of individual wires on the cable stiffness matrix. Knapp (1979) studied the effect of variations in core radius. This approach, primarily devoted to soft core cables, can also be applied to more rigid core structures. Costello and Philips (1976) presented a general non-linear theory for a layer of helical wound wires without core, which included the effects of radius and helix angle variations (Poisson's ratio effect). This formulation leads to a set of non-linear equations. A more recent paper by Philips and Costello (1985) presents a solution of the same theory applied to wire rope with internal wire rope cores. Kumar and Cochran (1987) have developed a linearized form of this theory, leading to a closed-form expression for axial stiffness coefficients. This model, was later extended by Kumar and Botsis (2001) to obtain the analytical expression for the maximum contact stresses induced in the multilayered strands with metallic wire core. Huang (1978) studied the contact mode conditions (radial or lateral) for 1+6 cable. Local contact deformation is neglected whilst the Poisson's ratio effect is included. It is found that radial contact seems to be prevailing case, even when no initial gap exists between wires in the layers. Jones (1987a, 1987b) Sathikh et al. (1996) presented a closed form symmetric linear elastic model for a cable with a rigid core, using discrete thin rod theory. In this model only core-to-wire contact, the wire tension, twist and bending together have been taken into account. Recently, Costello (1997) presented a linearized theory including the effects of curvature and twist variations.
Finally, Labrosse (1998) presented a new analytical approach to predict the overall behavior of 1+6 cables subjected to bending, tension and torsion. In this model, Poisson's ratio effect is neglected while relative motions between core and wires are considered. Elata et al. (2004) presented a new model for simulating the mechanical behavior of a wire rope with an independent wire rope core under axial loads. In contrast with previous models that consider the effective response of wound strands, this model considers the complete double-helix configuration of individual wires within the wound strand and directly relates the wire level stress to the overall load applied at the rope level. Bending and torsion stiffness of the individual wires are neglected. Therefore, the accuracy of this model increases when the number of wires in the wire rope increases.
Another approach for multi-layered structures consists in modeling each layer as an equivalent orthotropic sheet developed by Hobbs and Raoof (1982) , Raoof and Hobbs (1988) .
The same approach also consists of replacing each layer with a cylinder of orthotropic, transversely isotropic material (Blouin and Cardou (1989) , Jolicoeur and Cardou (1994; , Crossley et al. (2003a ; 2003b) ). Such homogenization approaches can be applied when the number of wires in the layer is important, but this is not the case for 1+6 structures.
For all the models mentioned above, the material is considered isotropic, homogeneous and the local behavior of wires and core doesn't exhibit coupling between tension and torsion phenomena.
As indicated in Part I of this paper (see section 3), different models are available for the analysis of fiber ropes ( (Leech et al., 1993) ; (Rungamornrat et al., 2002) ; (Beltran et al., 2003) ; (Beltran and Williamson, 2004) ) and are implemented in a computer program.
Present 1+6 model
Several closed-form formulations have been presented to predict the behavior of 1+6 metallic cables while there are few models for synthetic fiber ropes. In addition, all fiber rope models available are implemented in computer programs (not closed-form model). So we decided to develop a closed-form formulation for synthetic fiber ropes as an extension of an existing model of metallic cables. The comparison of different existing models (1+6 metallic cables: (Hruska (1951; 1952; 1953) ; Machida and Durelli (1973) ; McConnell and Zemeke (1982) ; Kumar and Cochran (1987) ; Sathikh et al. (1996) ; Costello (1997) ; Labrosse (1998)) with the results of a 3D finite element model has been performed elsewhere by Ghoreishi (2005) . The results demonstrated that, generally, the models selected, except Hruska's model (Hruska, 1953) , yield very similar results for the usual practical values of lay angle (°≤ 15 α ).
In this paper, Labrosse's model has been chosen as a base model because it has a closed-form and symmetric stiffness matrix and the relative motions between core and the wires are considered. Also, this model has the potential to study the friction phenomena between the core and wires, (even if this is not considered in this work due to simplifying assumptions).
The initial Labrosse's model (Labrosse, 1998) which is based on the following hypotheses is developed :
Only the static behavior of structure is addressed; Displacement and strain are assumed to be small. For a metallic cable, Velinsky (1985) has shown that the results from linear and nonlinear theories are very close in the usual practical load range;
The wires are made of a homogeneous, isotropic and linearly elastic material;
For each wire, a section initially normal to the wire centerline remains plane and normal after deformation;
Poisson's ratio effect and contact deformation are neglected. Utting and Jones (1987a; 1987b) demonstrated that in axial loading, the results are nearly unchanged when the Poisson's ratio and wire flattening are taken into account. This approximation is well established for metallic ropes, and is supposed to be valid also for fiber ropes, even if change in cross sectional area due to contact stresses may arise for such structures which are transversely soft;
Outside wires do not touch each other, which is often a design criterion so as to minimize the friction effect. Moreover, Huang (1978) has shown that core-wires contact seems to be the prevailing case, even when no initial gap exists between wires in the layers; Friction effects are neglected. Several authors Utting and Jones (1987a) , Leech et al. (1993) , Nawrocki (1997) and Ghoreishi et al. (2004) have noted that friction has very little effect on the global cable behavior under axial loads.
In addition, to extend this model to apply to the fiber ropes, the following modification assumptions are made:
Only the axial loading is addressed. The transverse displacements of the cable axis are zero;
Bending stiffness for the core and wires are neglected. This assumption is felt to be reasonable for synthetic fiber components;
The wires are supposed homogeneous at the rope level that are made of an elastic material with a coupling behavior between traction and torsion. This anisotropy appears from the construction effect (no material effect). Indeed, it is the results of twisting various components (yarn, assembled yarn) into a further component.
Geometry description
Let us consider a 1+6 structure, as indicated in figure 2, in which core and wires are homogenous with a circular cross section. It should be noted that this geometry, usually represents the 1+6 metallic cables. We suppose that the real geometry of fiber ropes, as illustrated in figure 1, can be approximated by this geometry (figure 2) at the rope level.
The geometry is characterized by the core radius , the wires radius , and the lay angle It can be noted that the wire cross-sections are elliptical in the plane perpendicular to the structure z-axis (see figure 2) . Therefore, the pitch length denoted by P can be calculated using the following expression:
Displacement field
As shown in figure 3 , the centerline of a helical wire forms a helix of radius and lay angle h R α . Let be a point of a centerline of wire i (i runs from 1 to 6 for the wires), its coordinates in the global Cartesian coordinate system
are defined as follows: 
that define the local coordinate system ) , , , (
Let us consider a wire section of center , the displacement field of an arbitrary point into the local coordinate system , the following relations are used
where denote the direction cosines given by:
performing the matrix multiplication, displacement components of arbitrary point , in the local coordinate system ) , , 0 (
, can be defined as: where superscript 6+1 is referred to the core.
For the moment, the wires and core are modeled independently and displacement field of the whole section of the structure are described by 2 ) 6 6 ( + × , i.e. 38 parameters.
Contact conditions
In order to reduce the kinematics parameters and to simplify the general form of the displacement field above, core-wires contact (relative motions between core and wires) will be studied.
As shown in figure 4, the contact line between core and wires is also an helical curve of radius and lay angle where
The relative motions on the contact line, in the contact point C which is relating to the helical contact line, will be expressed as As indicated in figure 4 c), the permanent contact between core and wires leads to the following conditions:
The real behavior is bounded by two extreme cases; sliding without friction or no-sliding. As indicated by several authors, Utting and Jones (1987a) , Leech et al. (1993) , Nawrocki (1997) and Ghoreishi et al. (2004) and Cartraud et Messager (2006) , the friction effects on the global cable behavior, subjected to axial loads, are negligible, so, the no-sliding case is considered here or:
Nawrocki and Labrosse (2000), using numerical examples, have shown that rolling plays no significant role in the global cable behavior under axial loads. Therefore, it can be supposed to be null,
consequently the driving interwire motion under axial loads appears to be only pivoting, ' ) (
Using of contact condition hypotheses written previously and making certain mathematical simplifications, allow to reduce the initial number of parameters. The details of these simplifications are available elsewhere (Ghoreishi, 2005) and will not be presented here. we obtain that in a given section i, the kinematics of the section are now described by the 2 degrees of freedom of the structure axis (global displacement) and the 6 relative rotations (pivoting) between the core and wires.
It's recalled that for the core, the kinematics involve only the 2 degrees of freedom of the structure axis, see (10), (11).
Strain field
Then, the strains can be expressed in terms of the displacement components at point i M . In the same theoretical framework, the linearized Green strain tensor at point then, using equations ( 19 ) 3-4 , the pivoting, , is found to be: It should be noted that the equation (24) was established previously by Sathikh et al. (1996) , using Ramsey's theory (1988 Ramsey's theory ( , 1990 and by Labrosse (1998) using the free pivoting condition between core and the wires, confirming the correctness of the strain field solution. 
Global behavior of the 1+6 structure
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Comparison between models
In this section, the present 1+6 model is used, and the objective is to compare its results to those of Leech's model.
To apply these models, geometrical and mechanical input data are necessary. To compare the stiffness matrix coefficients, calculated by present model and the Leech approach, two fiber ropes are considered, with 25 Ton and 205 Ton failure loads. The construction details for both of them are presented in Appendix A. The geometrical input parameters at the rope level, which are necessary for the present model, are presented in Table   1 .
The mechanical input data required, are the core and wire stiffness matrices. They are obtained form Leech's model, starting at the yarn level (the yarn axial stiffness was obtained from experiments, see part I). FRM software is used in two steps to pass successively to assembled yarn and rope. The results are presented in Table 2 .
Then, these core and wires stiffness matrices are considered as input data at the next step (rope level). The 1+6 model presented in the previous section is applied. Leech's model is also used with FRM software and wedge geometry option (see figure 6(b) of part 1 of this paper). It should be noted that in FRM software, a layered packing geometry option can be used only for a structure with identical components, but this is not the case here (core and wires are not identical).
Finally, Table 3 provides the results to compare ropes stiffness matrices, as calculated by the theory presented in section 4 above and Leech's model, for the two 25 ton and 205 ton ropes. Table 3 shows that, as for the multilayered models presented in Part I, both models for 1+6 structure, yield very similar results for the axial stiffness, . There is a small difference for the coupling terms. Only the torsion term results, , are significantly different for two models. This is easily explained by the fact that, for a given outer diameter, the helix radius , it is necessary to be able to compare them to experimental results. However, as will be discussed in the next section torsion tests on fiber ropes are very difficult to perform. 
Experiments
The principal tests which have been performed to produce data to compare with the predictions presented above are tensile tests. These enabled values of and to be determined, as will be described below. It would also have been very interesting to have been able to obtain a value of but this proved impossible. Two approaches can be used, either introducing a swivel in the tensile loading system and applying a moment, or loading a sample directly on a torsion test frame. Some preliminary trials on small ropes with swivels produced variable results due to friction of the swivel under load. Torsional stiffness of these materials is quite low and great care is needed with measurements. Tests on a torsion test frame were hampered by difficulty in introducing the load through end fittings without affecting the sample stiffness.
Tension tests were performed on 25 and 205 ton break load samples. The former were performed on a 100 ton capacity test frame at IFREMER in Brest, 8 meter long samples were loaded to 50% of the break load. Figure 6 shows the test frame.
In the second, performed on a specially adapted 500 ton test facility at LCPC (Laboratoire Centrale des Ponts des Chaussées) in Nantes, a 46 meter long sample of a 205 ton break load rope was blocked at one end and loaded in tension by a hydraulic piston at the other. The tensile response as well as the induced moment were measured at loads up to 100
tons. Figure 7 illustrates the 500 ton test facility at LCPC in Nantes.
In both cases the specimens have been loaded using hydraulic pistons and loads were introduced via splices, see figure 7 . All the ropes were made with the same aramid fiber grade (Twaron 1000). Construction details for both fiber ropes are given in appendix A, tables A.1 and A.2.
In order to provide reliable results great care is needed during testing, particularly concerning the following points:
-extensometry -load measurements -test procedure.
Extensometry
The extensions were obtained by three independent measuring systems:
-wire transducers clamped to the central section of the cable, -two digital cameras measuring the movements of markers in the central part of the cable, and -an LVDT measuring piston displacement.
The first two measure the true strain in the central part of the rope (away from the splices) and
give similar results, as shown in Figure 8 . The analysis of the digital images is performed using in-house image analysis software. These values allowed the stiffness measurements to be checked using two independent strain values. The piston displacement was recorded but not used in stiffness determination as it includes splice, end loop and rope displacements.
Load measurements
For the 25 Ton rope tests at the IFREMER center in Brest a single load cell at the end of the piston was used. This is calibrated annually. For the tests at LCPC tensile loads were measured using two independent load cells, a 300 Ton capacity cell at the end of the piston and a second 100 ton cell at the fixed end. Both were calibrated before and after the test series. The induced moment was measured using a strain gauged torque meter, calibrated before testing.
Test procedure
The test procedure includes a preliminary bedding-in loading of 5 cycles to 50% of the nominal break load, followed by either loading to failure or cycling. This initial stabilization of the rope removes bedding-in strain but also results in an internal molecular realignment of the fibers. Figure 9 shows examples of strains measured during the bedding-in cycles of a 25 ton and 205 ton break load ropes. It is clear that without a consistent bedding-in procedure significant variations in stiffness can be measured.
All force, moment and extension data were recorded on a PC acquisition system for post-treatment.
Test results
The global response of ropes can be expressed by equation (1) and all the tests described above were performed in tension with fixed ends loading conditions ( In the load range of interest, the behavior of aramid fiber ropes exhibits a quasi-linear behavior, as shown in figure 9 . Thus, the stiffness matrix components can be considered to be constant, and are obtained from a linear curve fitting.
Results for the 25 Ton rope are summarized in Table 4 below.
As shown in table 4 there is some scatter in the results for different samples, due to variations of material properties and splicing. It should be mentioned that several authors have studied the variability effect on the global response of the fibrous structures (Amaniampong and Burgoyne (1995) , Chudoba et al. (2006) and Vorechovsky and Chudoba (2006) ), but usually there are different sources of variability. Table 5 shows the results from the tests on the 205 Ton rope, the coupling term being obtained from the torque meter measurements.
Test / models comparison
In this section the experimental results will be compared to model predictions. In both ropes studied here, the base component is the yarn, whose mechanical properties are given as input. For predicting the global behavior of ropes, the presented models are applied in 3 steps, see figure 3 of part I of this paper.
For modeling the 25 ton break load rope, first, to pass from yarn to assembled yarns structure, the yarn axial stiffness and the geometrical parameters enable a prediction to be made of the stiffness coefficients of the assembled yarns using the continuum model presented in the part I of this paper; in the second step, the assembled yarns stiffness matrix (determined in the first step) and the geometrical parameters, can be used to determine the stiffness matrix coefficients of the strands and core using the present 1+6 model (Eq. (30)).
Finally, the strands and core stiffness matrix (determined in the second step) and the geometrical parameters, can be used to predict the global behavior of the 25 ton break load fiber rope using again the present 1+6 model (Eq. (30)), and this gives an axial stiffness value of 11.9 10 3 kN.
To model the 205 ton break load rope, in the same way, the continuum model is applied to pass from yarn to assembled yarns as well as from assembled yarns to core and strands. At the rope level, the 1+6 model is applied to pass from core and strands to 205 ton break load rope.
The strands and core stiffness matrices (determined at the previous step) and the geometrical parameters then enable a prediction to be made of the rope global response using the 1+6 model (Eq. (30) Therefore, the developed model appear to be reliable and useful, requiring less input data than existing models of the literature. Moreover, the final analytical closed-form solutions allow parametric case studies to be run in order to demonstrate construction effects, at each level, on the global response of fiber ropes and can be used as an optimal design tool.
Laboratory full scale testing of large ropes being expensive and time consuming, the development of such theoretical models has the potential to significantly reduce the cost and time needed for cable design.
Appendix A Construction details for two fiber ropes studied here, with 25 ton and 205 ton failure loads, are given in tables A.1 and A.2. It should be mentioned that all the ropes were made with the same aramid fiber grade (Twaron 1000). 
